Phenological shifts constitute one of the clearest manifestations of climate warming. Advanced emergence is widely reported in high-latitude ectotherms, but a significant number of species exhibit delayed, or no change in, emergence. Here we present a mechanistic theoretical framework that reconciles these disparate observations and predicts population-level phenological patterns based solely on data on temperature responses of the underlying life history traits. Our model, parameterized with data from insects at different latitudes, shows that peak abundance occurs earlier in the year when warming increases the mean environmental temperature, but is delayed when warming increases the amplitude of seasonal fluctuations. We find that warming does not necessarily lead to a longer activity period in high-latitude species because it elevates summer temperatures above the upper limit for reproduction and development. Our findings both confirm and confound expectations for ectotherm species affected by climate warming: an increase in the mean temperature is more detrimental to low-latitude species adapted to high mean temperatures and low-amplitude seasonal fluctuations; an increase in seasonal fluctuations is more detrimental to high-latitude species adapted to low mean temperatures and high-amplitude fluctuations.
T emperature is the major abiotic factor that affects phenology, the seasonal timing of life history events. Climate warming is increasingly disrupting natural phenological patterns, but the consequences of such disruptions on population dynamics and species interactions are poorly understood (1, 2) . Given that ectotherms (microbes, plants, invertebrates, fish, amphibians, and reptiles) constitute the vast majority of biodiversity on the planet, elucidating the connection between their phenology and population dynamics is a crucial research priority (3) (4) (5) . Ectotherm life history traits such as fecundity, development, and survivorship exhibit plastic responses to temperature variation (6) : when the temperature changes, the response changes accordingly (7, 8) . These responses are the result of temperature effects on the underlying biochemical processes (e.g., reaction kinetics, enzyme inactivation, hormonal regulation) and take qualitative forms (monotonic, unimodal) that are conserved across ectotherm taxa (9) (10) (11) (12) (13) (14) (15) . It is these trait responses that we must focus on if we are to predict how warming-induced phenological changes influence ectotherm population dynamics.
The nature of thermal adaptation dictates that trait responses be concave-up or concave-down functions of temperature (7, (16) (17) (18) . Based on Jensen's inequality (19) , we know that a temperature response function that is concave up (e.g., exponential) will yield a higher average response in a more variable environment while a function that is concave down (e.g., unimodal) will yield a lower average response in a more variable environment. Per capita birth rate of all ectotherms exhibits a unimodal (i.e., concave-down) response to temperature. A concave-down response means that higher-latitude (e.g., temperate) species, which have wider response breadths (greater plasticity), will exhibit lower average performance than lowerlatitude (e.g., tropical) species, a necessary cost of thermal adaptation to higher-latitude environments. In this case stabilizing selection drives thermal optima of lower-latitude ectotherms to coincide with the mean temperature while that of higher-latitude ectotherms evolves to exceed the mean habitat temperature (20) . This difference in thermal optima is well documented in the empirical literature (12, 15, 20, 21) .
These latitudinal differences in thermal adaptation suggest that warming should have differential effects on lower-latitude and higher-latitude species. Because tropical ectotherms' thermal optima coincide with the mean habitat temperature, an increase in the mean temperature will cause these optima to fall below the mean, with the result that the birth rate will be below its optimal value, and the mortality rate will be higher, for most of the year. If the mean temperature increases to a level at which the mortality rate exceeds the birth rate, the species will go extinct. In contrast, because temperate ectotherms' thermal optima exceed the mean habitat temperature, a moderate increase in the mean temperature is likely to be beneficial. Hence, warming involving an increase in the mean temperature is likely to be more detrimental to tropical ectotherms than to temperate ectotherms. In contrast, warming involving an increase in seasonal temperature fluctuations [e.g., an increase in warm and cold extremes (22) ] is likely to be more detrimental to temperate ectotherms than to tropical ectotherms. This is because the concave-up nature of the mortality response dictates that the average mortality rate must be higher when seasonal fluctuations are larger. At the same time, the concavedown nature of the birth rate response means a lower average birth rate. If warming causes the magnitude of fluctuations to exceed the species' response breadths, the average mortality rate will exceed the average birth rate, predisposing the species to
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Changes in species' phenology, the seasonal timing of life history events, constitute one of the most unambiguous consequences of climate warming and one of the least understood. As our climate continues to warm and become more variable, we need theory that can explain the current phenological patterns and predict future changes. We present a mathematical framework that translates temperature effects on the phenotypic traits of individual organisms to the populationlevel phenological patterns observed in ectotherms. It is sufficiently mechanistic to yield accurate predictions and sufficiently broad to apply across ectothermic taxa. Its power lies in generating predictions based solely on life history trait responses to temperature and hence completely independent of the population-level observations of phenological changes.
extinction. Thus, the qualitative nature of life history trait responses to temperature allows us to anticipate the differential effects that climate warming can have on the viability of ectotherm species inhabiting different latitudes.
Predicting warming effects on phenology, however, is a more complicated proposition because it involves considering temperature effects on development. Over 80% of metazoan animals exhibit complex life cycles (23) characterized by temperaturedriven developmental delays. It is these developmental delays that ultimately determine the phenological events (e.g., timing of emergence and breeding) that we observe at the population level. To predict how warming influences phenology, we need to understand how the temperature response of development interacts with the temperature responses of birth and mortality rates to determine species' per capita growth rates (fitness), the metric that translates temperature effects on species' life history traits into population-level outcomes. Doing this requires developing a mathematical framework that can scale up from trait responses to population dynamics.
Here we present a theoretical framework for ectotherm population dynamics that incorporates mechanistic descriptions of life history trait responses derived from first principles of thermodynamics (7, (16) (17) (18) 24) and therefore is universally applicable to all ectotherm taxa. We use delay differential equations to construct a model of population dynamics (Materials and Methods and SI Materials and Methods) that realistically captures the complex life cycles of ectotherm animals. There is increasing evidence that climate warming involves not only an increase in the mean temperature but also an increase in heat events and continued cold extremes (22) . Our analysis accommodates these two dimensions of warming by considering both increases in the mean temperature and the amplitude of seasonal fluctuations (Materials and Methods and SI Materials and Methods).
A particular strength of our framework is that we explicitly focus on how developmental delays themselves change under different climate-warming regimes, providing a mechanistic understanding of how warming alters phenological patterns. This allows us to predict the nature and duration of phenological changes and their population dynamical consequences, based solely on information on life history trait responses to temperature and, therefore, completely independent of field data. Our trait-based approach provides a powerful predictive framework for elucidating the effects of climate warming on ectotherm animals across the globe.
Results
Warming-induced changes in the timing of emergence are well documented (4, 25, 26) . We focus our investigation on the consequences of such changes on population dynamics, quantifying the mean annual abundance, peak abundance, and timing of peak abundance, as well as activity periods for reproduction and development (Materials and Methods). We do so because we want to identify signatures in species' seasonal abundance patterns that signify warming-induced shifts in phenology. Based on our survey of the literature, it is difficult to accurately assess the timing of earliest emergence, which increases observation error in the empirical quantification of phenological shifts. In contrast, the timing of peak abundance is relatively easy to quantify since it, as well as the peak abundance itself, will be apparent even in a regular census of species' abundances.
As noted above, the qualitative nature of life history trait responses to temperature (i.e., concave up or concave down), which arise from temperature effects on the underlying biochemical processes, is conserved across ectotherm taxa. Adaptation to latitudinal variation in thermal regimes generates predictable quantitative differences in these trait responses; the location of thermal optima relative to the mean habitat temperature depends strongly on the thermal variability of the habitat.
A dynamical model that incorporates mechanistic descriptions of trait responses, combined with quantitative differences in trait parameters that reflect latitudinal variation in thermal adaptation, should therefore predict the qualitative effects of warming on the phenology and population dynamics of ectotherm species inhabiting any latitude. To link this general theory with data, we parameterize the population dynamics model with thermal response data from Hemipteran insect species from tropical, Mediterranean, and temperate latitudes (Fig. 1 , Materials and Methods, and SI Materials and Methods).
Importantly, we find that the warming regime (increase in mean temperature vs. increase in fluctuations) has opposite effects on species' abundances and activity patterns and that the magnitude of these differences increases as a function of latitude (Figs. 2-4 ). An increase in the mean environmental temperature of 3−6
• C over 100 y decreases peak abundance and mean annual abundance in the tropical species, and a 10
• C increase causes extinction within 80 y (Figs. 2 and 4) . The temperate species, by contrast, benefit from a moderate increase in the mean temperature (3−6
• C) with an increase in mean annual abundance and peak abundance, which also occurs earlier in the year (Fig. 2) ; a 10
• C increase causes a decline but not extinction (Fig. 4) . As noted at the outset, these outcomes ensue because tropical species, which are adapted to thermal regimes characterized by high mean temperatures and low-amplitude fluctuations, exhibit an optimal temperature for reproduction that coincides with the mean habitat temperature (12, 15, 21) . An increase in the mean temperature causes the optimum to fall below the • C increase, red; and 10
• C increase, maroon). The height of each bar depicts the proportional change in abundance or timing relative to that observed in the species' ambient thermal environment (Materials and Methods). Extinct populations are marked E * .
mean, causing a decrease in the birth rate relative to the mortality rate. Once the mean temperature increases to a level at which the birth rate falls below the mortality rate, extinction will occur. Hence, an increase in the mean temperature is more detrimental to tropical ectotherms than to temperate ectotherms. Temperate species, which are adapted to thermal regimes characterized by low mean temperatures and high-amplitude seasonal fluctuations, exhibit optimal temperatures for reproduction that are well above the mean habitat temperature (12, 15, 21) . A moderate increase in warming is therefore beneficial (Fig. 2) . What is unexpected is the difference in response when warming involves an increase in seasonal fluctuations. Now the tropical species exhibits an increase in both peak and mean abundance as warming increases, and there is no extinction at 10
• C of warming (Fig. 2) . The temperate species, in contrast, exhibits a decline in both peak and mean abundance. Importantly, peak abundance is delayed rather than advanced (Fig. 2) . These outcomes ensue because an increase in seasonal fluctuations causes reproduction to cease once the minimum and maximum temperatures exceed the species' response breadth. Colder temperatures will have little net effect because they reduce both birth and mortality rates. However, warmer temperatures will decrease the birth rate and increase the mortality rate, leading to a strong negative effect on the temperate species' per capita growth rate and hence its abundance. The key insight to emerge from our analysis is that the antagonistic effects of birth and mortality rates at high temperatures make temperate ectotherms highly vulnerable to the predicted increase in the frequency and duration of heat waves (22) .
Of note, warming-induced changes in the temperate species' timing of peak abundance are reflected in the changes in its activity period (Fig. 3) . When warming involves an increase in the mean temperature, the temperate species exhibits an advance in the timing of peak abundance and a longer activity period; when warming involves an increase in seasonal fluctuations, it exhibits a delay in the timing of peak abundance and a shorter activity period (Figs. 2 and 3) . The tropical species, which is active yearround and exhibits delayed feedback cycles in its typical thermal environment (SI Materials and Methods), shows a decline in its reproductive period but no change in its developmental period under both warming regimes (Fig. 3) . This is at least in part due to warming leading to faster development and hence a damping of delayed feedback cycles (SI Materials and Methods), resulting in a transition from abundances changing due to both intrinsic cycling and seasonal forcing to seasonal forcing only.
A striking finding is that warming involving an increase in seasonal fluctuations, the evidence for which is accumulating (22) , is more detrimental to high-latitude species already adapted to thermal regimes with large seasonal fluctuations. This finding runs counter to intuition, but can be explained in terms of the differential selection pressures faced by low-and highlatitude species in their respective thermal environments. Tropical species, because they experience thermal environments that deviate little from the high mean temperature, maximize their reproductive output at or near the mean temperature. The temperature at which fitness is maximized is therefore critically close to the upper temperature limit for viability (12, 15) . Any further increase in the mean will push the species into a realm in which mortality exceeds reproduction ( Fig. 1) . High-latitude species, because they experience thermal environments that deviate greatly from the mean temperature, maximize fitness by evolving wider response breadths that match the temperature ranges they Fig. 3 . Effects of warming on activity periods. The reproductive activity period (Top row) is the fraction of the year during which the per capita birth rate exceeds 10% of its physiological optimum. The developmental activity period (Bottom row) is the fraction of the year during which the per capita maturation rate exceeds 25% of its maximum. The height of each bar depicts the proportional change in the activity period length relative to that observed in the ambient thermal environment for insect species from different latitudes: temperate (Left column), Mediterranean (Center column), and tropical (Right column). In each panel, solid bars represent the effects of increasing the mean habitat temperature, and the hatched bars are effects of increasing the amplitude of seasonal fluctuations (3 • C increase, yellow; 6
• C increase, red; and 10
• C increase, maroon). . The black curve depicts the typical abundance pattern, and the yellow, red, and maroon curves depict, respectively, the abundance patterns under 3
• C, 6
• C, and 10 • C of warming. All time series are for the 100th year. The shaded region in each panel represents the warmer half of the year, which corresponds to the summer months in the temperate and Mediterranean species and the rainy season in the tropical species. Note that an increase in the mean temperature by 10
• C causes deterministic extinction of the tropical species but an increase in seasonal fluctuations does not, despite a large decline in abundance during the hottest months of the year.
experience. They are therefore at the upper limit of phenotypic plasticity they can achieve given energetic and other constraints. Any further increase in seasonal fluctuations will push them to a realm in which there is insufficient plasticity to maximize fitness. Confirmation of this comes from quantifying the response breadth for fecundity relative to the temperature range experienced by the species in their typical thermal environments. This ratio is 1.14 for the temperate species and 5.68 for the tropical species. The crucial insight, which would not have been possible without our mechanistic, trait-based approach to quantifying warming effects, is that tropical species exhibit a great deal more phenotypic plasticity relative to the seasonal temperature range they typically experience compared with the temperate species (Fig. 1) . This is why an increase in seasonal fluctuations is much less detrimental to the tropical species compared with the temperate species.
The effects of warming on the Mediterranean species' population dynamics are a mixture of the effects on the tropical and temperate species. When warming increases the mean temperature, its population changes similarly to the tropical species in terms of peak and mean abundance (except for extinction at 10
• C of warming; Fig. 2 ) and similarly to the temperate species in terms of timing of peak abundance (except for 10
• C of warming) and length of the activity period (Figs. 2 and 3) . When warming increases seasonal fluctuations, the Mediterranean species mimics the temperate species' response almost entirely (Figs. 2  and 3 ). These mixed effects of warming on the Mediterranean species arise from the fact that the individual-level thermal responses of its traits are intermediate to those of the high-and low-latitude species. The Mediterranean trait responses combine tropical and temperate attributes: a narrow response breadth for reproduction and high temperature sensitivity of development (tropical attributes) and an optimum temperature for reproduction well above the mean habitat temperature (temperate attribute; Fig. 1 ).
Discussion
Climate warming is causing phenological shifts, the magnitude and duration of which tend to vary even between species inhabiting the same latitude (2, 5, 26) . Explaining these discrepancies requires that we understand the mechanisms by which temperature affects phenological patterns. Here we present a framework that provides just such a mechanistic understanding. By incorporating mechanistic descriptions of life history trait responses to temperature into a stage-structured model of population dynamics that realistically captures the complex life cycles of ectotherms, we provide a way to scale up from temperature effects on the biochemical processes that underlie ectotherm life history traits to the population-level phenological patterns that are observed in nature. In doing so we also reconcile disparate observations of climate-warming effects (25, 27) . While a large number of species exhibit an advance in emergence in response to warming, a substantial number also exhibit delayed emergence (2, 25) . We find that such differences can be explained by understanding how different warming regimes (e.g., an increase in the mean temperature vs. an increase in fluctuations) influence ectotherm population dynamics. For instance, when high-latitude species experience an increase in the mean temperature, they show an advance in peak abundance and a longer activity period, but when such species experience an increase in seasonal fluctuations, they show a delay in peak abundance and a shorter activity period. This difference potentially explains Buckley et al.'s (27) observations of grasshopper species' emergence patterns. Low-elevational species, which experience lower-amplitude seasonal fluctuations, exhibit an advance in emergence time under warming, while high-elevation species, which experience higher-amplitude seasonal fluctuations, exhibit a delay in emergence.
Because the qualitative nature of life history trait responses to temperature is conserved across ectotherm taxa (9-11, 13-15), our trait-based framework is applicable to animal ectotherms inhabiting different latitudes, habitats, and trophic niches. Most importantly, our framework generates predictions of how climate warming influences phenological patterns based solely on information about temperature responses of the underlying life history traits and therefore completely independent of time series and other population-level data. And, because the parameters of trait responses are thermodynamically constrained to lie within a narrow range of values (9, 10, 13, 14) , our model can be parameterized with data even from distantly related species when trait response data are unavailable for a focal species. Finally, the framework we have developed is sufficiently flexible that it can incorporate empirically observed temperature response functions and population regulatory mechanisms (e.g., densitydependent fecundity vs. mortality) and any kind of climatewarming scenario (e.g., increase in mean or fluctuations or both). It can easily be extended to address the widely observed phenological mismatches between interacting species (e.g., mutualists, prey, and natural enemies) that are threatening to disrupt the complex webs of interactions that constitute the earth's biodiversity.
Materials and Methods
Population Model. We model the dynamics of an ectotherm population consisting of juveniles J and adults A,
where the functions B, R A , and D X (X = J, A) depict, respectively, the temperature-dependent per capita birth, maturation, and mortality rates. Density dependence, mediated by intraspecific competition, operates on the birth rate, a common observation in insects (28) (SI Materials and Methods). The number of days it takes for juveniles to mature into adults is given by the developmental delay τ (t), which depends on the time of the year when temperature varies seasonally. We incorporate seasonal variation in temperature through the function T(t), which takes a sinusoidal form (SI Materials and Methods). This formulation yields a set of differential equations with variable delays: delay differential equations (DDEs) (SI Materials and Methods).
Temperature Responses of Life History Traits. Temperature responses of reproduction, development, and mortality are determined by temperature effects on the underlying biochemical processes [e.g., reaction kinetics, hormonal regulation (7, 14, 16, 17, 24, 29) ]. A plethora of empirical studies (9) (10) (11) (12) (13) (14) (15) show that the qualitative nature of these responses (e.g., Gaussian, exponential, left skewed) is conserved across ectotherm taxa (7, 24) (invertebrates, amphibians, reptiles), because temperature effects on the biochemical processes that underlie these trait responses are themselves conserved (7, 24) . Temperature-driven biochemical rate processes (e.g., reaction kinetics and enzyme inactivation) yield trait responses at the phenotypic level that are monotonic or left skewed. Temperature-driven biochemical regulatory processes [e.g., neural and hormonal regulation (29) (30) (31) ] yield trait responses that are unimodal and symmetric (e.g., Gaussian). The underlying biochemical basis of trait responses allows us to mechanistically derive the mathematical forms from first principles of thermodynamics.
The per capita mortality rate of all ectotherms exhibits a monotonic temperature response that is well described by the Boltzmann-Arrhenius function for reaction kinetics (7, 9, 10, 18) . The maturation rate of ectotherms exhibits a left-skewed temperature response (7, (16) (17) (18) that results from the reduction in reaction rates at low and high temperature extremes due to enzyme inactivation. This response is well described by a thermodynamic rate process model (16, 17, 24) . The per capita birth rate of most ectotherms exhibits a symmetric, unimodal temperature response (15, (32) (33) (34) (35) that is well described by a Gaussian function. Based on empirical evidence (36, 37) we consider the temperature response of intraspecific competition to also be Gaussian, with the strongest competition occurring at the physiological optimum for the birth rate, at which temperature the demand for resources is the greatest.
Study Species. We link the theory with data by parameterizing the population model (Eq. 1), using temperature response data from three Hemipteran insect species from different latitudes. The green plant bug (Apolygus lucorum, Hemiptera: Miridae) is a temperate species from northern China (38) .
The Harlequin bug (Murgantia histrionica, Hemiptera: Pentatomidae) is a Mediterranean species from coastal southern California (39) , and the podsucking bug (Clavigralla shadabi, Hemiptera: Coreidae) is a tropical species from Benin (32) . We use these particular species because they have the most complete data on the temperature responses of fecundity, maturation, and mortality rates, allowing us to fit the mechanistic temperature response functions to the data and estimate key parameters (SI Materials and Methods). We characterize the typical thermal environment of each species by fitting a sinusoidal model of seasonal fluctuations to temperature data collected from each species' habitat: Langfang, China (39.32
• 16 97 N) for the green plant bug; Irvine, CA (33 Model Analysis. We numerically integrate the DDE model (Eq. 1), using the Python package PyDDE (40). We generate time series of abundances for each species under the typical seasonal temperature regime and the two warming regimes: increases in the mean habitat temperature and increases in the amplitude of fluctuations by 3 • C, 6
• C, and 10 • C. We incorporate climate warming as a gradual increase in the mean temperature or amplitude of fluctuations over a period of 100 y. The per day increase is given by We calculate metrics of population dynamics for each warming scenario: mean annual abundance, peak annual abundance, and the timing of peak abundance (the day of the year on which the peak is observed). We do so using the time series for the 100th year, to ensure that the metrics reflect the effects of a full century of warming. We also calculate the activity period of each species in terms of reproduction and development. We define reproductive activity period as the fraction of the year during which the per capita birth rate exceeds 10% of its physiological optimum and developmental activity period as the fraction of the year during which the maturation rate exceeds 25% of its maximum in the ambient environment. We quantify the effects of warming by calculating the proportional change in each of the five metrics relative to the ambient thermal environment, i.e., the difference between abundance (timing) in the species' typical thermal environment and a given warming scenario divided by the abundance (timing) in the typical thermal environment.
